INTRODUCTION
The quartz-tungsten halogen lamp has been the popular, most frequently used light-curing unit (LCU) to polymerize resin materials.
However, this LCU has shown some drawbacks.
The most common defects detected in this LCU are related to the degradation of bulb and light reflector, broken filters, breakdown of optical fibers, and tip damage1). This damage then leads to a decrease in light output over time, which could compromise the polymerization of resin materials, and consequently, the clinical behavior of the restoration.
Moreover, curing with quartz-tungsten halogen is time-consuming because of the long irradiation time required to cure each layer of resin composite2).
To overcome these drawbacks of traditional quartz-tungsten halogen lamps, some new LCUs have been introduced in the market.
A recent development for dental clinical applications is the plasma-arc curing light.
The manufacturers of this kind of light claim faster curing time than quartz-tungsten halogen, hence reducing chairside time. Due to the greater light intensity, plasma-arc curing lights help to enhance the speed of polymerization3).
Besides, these curing units have a spectral output that is more intense at certain wavelengths, compared to quartz-tungsten halogen lights4). Blue light emitting diode LCUs have been developed, which claim curing to be as good as quartz-tungsten halogen5). These
LCUs present some advantages such as nondegradation of bulbs (blue light emitting diode lamp does not have any bulb), easy handling (portable, battery operated, cordless)6), and longer lifetime than quartz-tungsten halogen7). The metal halide technology, which has been successfully developed to polymerize indirect composites8), is presented here with a prototype to apply its properties to clinical use. The manufacturer of this curing unit also claims fast curing.
Several studies in our laboratory have been developed to examine bonding between the different adhesive systems and dentin.
It was observed that quartz-tungsten halogen and metal halide LCUs presented the best bond strength results after 24-hour storage in water, when compared to blue light emitting diode and plasma-arc curing LCUs9).
However, regardless of the type of curing unit used, power density decreases as the distance between the tip and the irradiated surface increases10,11). Power density also decreases as it passes through the material12). This is a very important factor to consider in clinical practice due to the deep cavities that need to be restored with resin composite materials. In our laboratory, a previous study was developed based on an adhesive, Clearfil SE Bond (Kuraray Medical Inc., Tokyo, Japan), cured with different LCUs. It was observed that as the thickness of resin composite increased, bond strength of the adhesive to bovine dentin decreased13). Therefore, for a good sealing, the bonding resin should be well polymerized.
Additionally, with strong bond strength, the effect of stress developed due to polymerization shrinkage could be minimized20).
Therefore, the purpose of this study was to evaluate the microhardness and Young's modulus of a bonding resin cured with four LCUs at three different distances between the tip and the irradiated surface.
MATERIALS AND METHODS
The material used in this study was the bonding resin of Clearfil SE Bond (Kuraray Medical Inc., Tokyo, Japan).
Its basic formulation is shown in Table 1 .
Four light curing units were used to polymerize the bonding resin: Candelux (CDX, Quartz-tungsten halogen, J. Morita, Kyoto, Japan),
New York, USA), and Rayblaze (RBZ, Metal Halide, Moritex, Tokyo, Japan).
The irradiation time is shown in Table 2 ; the manufacturers' instructions were followed. The wavelengths of all the light curing units ( Fig. 1) were measured using Spectrometer USR-40 (Spectroradiometer type USR-40V-01, Ushio, Japan, #01070016).
Power density was also measured with a digital hand-held radiometer (Jetlite Light Tester, J. Morita, CA, USA, #9061727). Table 2 Curing units, codes, manufacturers, light source, and irradiation time Fig . 2 illustrates the specimens' preparation procedure. Holes (4.5mm in diameter) were prepared in a vinyl tape (Yamato, Tokyo, Japan) of approximately 0.4-mm thickness.
Dentin discs of 2-mm thickness were prepared from extracted human third molars.
These teeth were sectioned with a diamond saw (Buehler, IL, USA) under copious water and slow speed. The dentin discs were polished with Si-C papers #600 to produce standardized smear layer, and they served as the background as in clinical situations.
A Mylar strip (Lumi Strip, Inoue Attachment Co., Tokyo, Japan) was placed on the dentin, and over this was the vinyl tape matrix. The bonding resin SE was poured on the hole, and AND ELASTICITY OF A BONDING RESIN another Mylar strip was placed on this surface to make it flat. The four curing units were used according to the manufacturers' instructions to polymerize the bonding resin (Table 2) .
To polymerize the bonding resin, tips of the curing units were maintained at three different distances from the surface: contact (0mm) , 2mm, and 4mm. Six bonding resin discs were prepared for each curing unit at each predetermined distance between the tip The indentation depth is monitored in situ during loading and unloading.
As a result, microhardness and Young's modulus can be calculated from the load-displacement curve, and be not biased by visual assessments as with the conventional microhardness testers23). This method has been widely used to measure the hardness and Young's modulus of resin-dentin bonding areas23), adhesive resins24), and biological hard tissues25-28).
Two-millimeter thick human dentin discs were used as background materials to simulate the background color of dental substrate to which dental adhesive systems are adhered in clinical situation.
In addition, Fan et al.29) have shown that hardness values of resin composites differed when black and white backing conditions were used. Black backing decreased the hardness of resin composites while white backing promoted the degree of conversion of the lower surface of resin composites.
The whitereflecting backing made available more light to polymerize the lower surface, as in in vivo situations29).
It has been reported that the mechanical properties of bonding resin were substantially affected by storage in water30). Water has an adverse effect on polymers, as hydrolysis occurs passively. Carrilho et al. 31 ) have reported that water-free oil storage allowed adhesive systems specimens to achieve better degree of conversion than those tested after 24 hours of immersion in water.
Additionally, for light-cured resin-based materials, the polymerization reaction gradually continues even in darkness -a process known as post-irradiation hardening32,33). When specimens are immersed in water soon after preparation, this immersion could cause an immediate water uptake that plasticizes the polymer31) and this could adversely affect post-irradiation reaction. In clinical situations, water vapor is present in the oral environment as well as in the working environment.
Musanje and Darvell34) have demonstrated that resin composites can absorb this water vapor. Additionally, dentin is a naturally wet substrate. Dentine tubules contain fluid that could affect the polymerized bonding resin.
Concerning microhardness values, the highest values were obtained when the tip was maintained in contact with the irradiated surface regardless of which LCU was used. The microhardness value decreased as the distance increased, and there were no significant differences in results be it at the 2-mm or 4-mm distance.
Usually, power density decreases as light passes through the air and through the thickness of composite material35). Thus, the power density of LCU decreases as the light tip moves away from the irradiated surface36).
Physically, power density as a function of distance from the light source follows an inverse-square relationship. However, Rueggeberg and Jordan37) have demonstrated that when light exits the light tip, its decrease in intensity does obey this law for distances measured between 0 and 10 mm. Instead, the decrease occurres due to light divergence at an angle. The latter was dependent on the ratio of the indices of diffraction of air and that of the composition of light tip37).
In microhardness results, two distinct groups could be observed: CDX/RBZ versus ARL/LOM. The first group presented higher microhardness values, which could be attributed to LCU characteristics and composition of SE. CDX and RBZ presented largespectrum irradiance ( Fig. 1 ) and the total energy (1.12 J and 0.77 J, respectively) was sufficient to activate SE's photo-components.
According to the manufacturer, SE contains camphorquinone (CQ) and another photoinitiator -which is not disclosed. In the ARL/LOM group, although ARL presented higher power density (1134mW/cm2) and higher total energy (0.54 J) than LOM, no significant differences were observed in the microhardness of SE cured with both LCUs. These results could be attributed to the wavelength distribution of ARL. The wavelength distribution of ARL was not as wide as those of CDX and RBZ (Fig. 1) , which yielded the highest hardness values.
Although the wavelength distribution of ARL was larger than that of LOM, it is speculated that the unknown photoinitiator of SE could not be activated within ARL's range.
It could be further speculated that the wavelength range of ARL could not completely activate SE's photocomponents.
In the case of LOM, the low hardness results (19.93+2.09Kgf/mm2) could be attributed to its narrow spectrum (Fig. 1 ) and low power density (98mW/cm2), thus leading to a poorer polymerization than those obtained with other LCUs. In addition, the peak of LOM's wavelength distribution was around 460nm -which essentially activated CQ only but not the other unknown photo-component of SE.
The microhardness results of this study were in accordance with other studies conducted to evaluate the mechanical properties of resin-based materials cured with different light sources.
Christensen et al. 38) analyzed several properties of various resin composites cured with different LCUs. According to their study, the modulus seemed to be highly affected by resin formulation rather than other factors such as LCU.
The authors examined the Young's modulus of six resins cured with 12 LCUs. There were no differences among the LCUs, but there were significant differences among the different resin formulations.
Micro-filled resin had the lowest modulus, and an autocured resin had a modulus that was significantly higher than all the other lightcured resins.
Quartz-tungsten halogen LCUs are very popular and widely used in clinical practice due to their relatively inexpensive price and maintenance.
They have good power density and are able to emit a broad wavelength range of usable lights that cure different materials39).
Additionally, quartz-tungsten halogen has proven to be able to cure materials at different depths40). When it comes to polymerizing composite materials, metal halide lights have performed well in previous studies conducted with indirect resin composite materials8, 41, 42) . However, more studies are needed to evaluate the potential of metal halide for clinical use to polymerize direct composite materials and adhesive systems.
When materials were cured using plasma-arc curing lights, studies have shown that the resultant materials rendered inferior properties such as lower surface hardness and poor polymerization.
The main reasons cited in these studies for such unsatisfactory results were namely short curing time and material formulation43-49 Some studies showed that the performance of blue light emitting diode was as good as quartz-tungsten halogen in terms of hardness and depth of cure7,50,51). Others yielded inferior properties when the materials cured with blue light emitting diode LCUs were compared to those results obtained with quartz-tungsten halogen lights52-54). Despite the different findings, all authors agreed that blue light emitting diode LCUs have a great potential for clinical use as long as the light intensity be improved.
Concerning Young's modulus, it also decreased as distance increased.
In other words, the bonding resin SE became less stiff (i.e., lower modulus) as the tip distance increased.
Despite this observed trend, there was a great variance among the modulus values with the use of different LCUs. When the tip was in contact with the irradiated surface, only LOM presented significantly lower Young's modulus than the other LCUs.
This was attributed to the low power density and narrow wavelength range of LOM, which meant that it could not optimally cure SE. As a result, monomers remained unconverted and the bonding resin became more flexible. At 2mm, CDX, LOM, and RBZ had no significant differences in the Young's modulus results as well as LOM, RBZ, and ARL. When tip distance from the irradiated surface increased, the elasticity of SE decreased for all LCUs, except for LOMwhich had an increase in Young's modulus value.
No explanation could be offered for this increase with LOM. At 4-mm tip distance, RBZ and ARL produced more rigid specimens than CDX and LOM. It is suggested that, in this case, power density could have a significant effect on the development of Young's modulus.
Hence, high power density LCUs (i.e., RBZ and ARL) produced more rigid specimens than CDX and LOM.
In effect, LOM presented the lowest Young's modulus value. This was because LOM had the lowest power density and a very narrow wavelength distribution that probably could not activate SE's photo-components.
Takahashi et al.24) evaluated the relationship between bond strength to dentin and the mechanical properties of adhesive resins.
However, no correlation was found between hardness or Young's modulus and bond strength.
Nevertheless, in clinical situations, Young's modulus is a very important factor when considering its relation to the stresses at the adhesive interface55).
In clinical situations, the adhesion of adhesive system to human substrate is achieved through the use of primer and bonding resinas illustratively demonstrated by Van Meerbeek et al.56) using different microscopy techniques.
Yoshida et al. 57 ) reported that some functional monomers, such as 10-MDP (which is one of SE's components), could also chemically bond to hydroxyapatite of dental hard tissues. Some studies have reported that the primer affects the mechanical properties of bonding resins.
According to Hotta et al. 58 ), hardness and tensile strength of adhesive/ primer mixtures were lower compared to the results of bonding resin used alone. Griffiths and Watson59) reported that viscosity difference between primer and adhesive could also affect bonding to dentin.
A great deal of research has demonstrated a strong correlation between resin material's formulation and adhesion38,60,61). In other words, it is desirable to obtain a good match between material formulation and LCU characteristics in order to achieve good adhesion.
Several materials that contain photoinitiators other than CQ have been introduced to the market.
As such, it is necessary to assess the polymerization effect on these materials by different LCUs. Hirabayashi and Imai62) and Hirabayashi63) have reported that different photoinitiators led to different levels of polymerization of PMMA/MMA resin.
The results of this study should be considered with care.
Only one brand of bonding resin was used in this study.
The results cannot be extrapolated and compared with other materials due to differences in chemical formulation.
Additionally, bonding resin alone was used in this study, whilst in clinics it is always used with primer. Therefore, further studies with other materials, photoinitiators, and LCUs need to be conducted in order to establish AND 
